Abstract. Initiation of cell growth and neoplastic transformation frequently involves activation of growth factor receptor-coupled tyrosine kinases and stimulation of the phosphoinositide second messenger system. Altered expression of CD44 variants was reported in several malignant tumor types with possible implications for tumor progression and prognosis. CD44 variant expression was reported to be associated with second messenger activation and differentiation. We therefore investigated the effects of butyrateinduced short-term differentiation on phosphoinositide signaling, phospholipase C and protein kinase C activity and alteration of CD44 variant expression in human HT-29 colon carcinoma cells. HT-29 cells were cultured with sodium butyrate for 6 days. Phosphoinositide turnover was measured by [
Introduction
Regulation of cell proliferation in normal and malignant intestinal epithelial cells are mediated by several signaling pathways (1) . Binding of growth factors like EGF, TGF·, IGF-I or insulin to specific receptors leads to an activation of tyrosine-specific protein kinases, an intrinsic property of this receptor family. Other growth factors such as PDGF, bombesin or thrombin additionally mediate their mitogenic signals by activating the phosphoinositide system, resulting in a specific receptor-coupled hydrolysis of the membrane phospholipid phosphatidylinositol-4,5,-bisphosphate (PIP 2 ) with an increase in the metabolically active second messengers inositoltrisphosphate (IP 3 ), diacylglycerol (DAG) and activation of PI3-kinase (PI-3K) (2, 3) . Evidence for the involvement of a permanent activated phosphoinositide metabolism in malignant transformation was supported by in vitro experiments of Faletto et al (4) , demonstrating a decrease in phosphoinositide turnover in DMSO (dimethylsulfoxide)-differentiated Friend erythroleukemia cells, preceeding a reduction in c-myc proto-oncogene expression. Simlarly, other authors showed an increase in phosphoinositide turnover or phosphoinositide-derived second messengers after transfection of fibroblasts with oncogene products, like the ras-oncogene, viral oncogenes or the SV 40 virus (5, 6) . Activation of protein kinase C by phorbol esters and elevation of intracellular calcium levels by calcium ionophores have been shown to be mitogenically active cofactors during the initiation of DNA synthesis (7, 8) . We and others have shown reduced levels of PKC activity as determined by cPKC-mediated substrate phosphorylation assays in colonic adenomas and carcinomas (9) (10) (11) . These findings indicated that an increased phosphoinositide metabolism, probably leading to an increased or downregulated protein kinase C activity, may contribute to the development of colonic malignancies.
Overexpression of the adhesion molecule CD44 and its splice variants was reported to be involved in tumor progression, metastatic disease and poor prognosis in different malignant diseases, including colorectal cancer (12) . Expression of CD44 variants was reported to be regulated by growth factors, intracellular kinases and cytokines (12, 13) . In SH-NK cells, CD44 variant expression was regulated by growth factors and activation of protein kinase C and PI-3K (14) . Barshishat et al recently reported the inhibition of CD44 variant expression in butyrate-treated HM7 colon carcinoma cells (16) . However, the possible effects of butyrate-induced differentiation on intracellular phosphoinositide signaling, PKC activities and CD44 variant expression have so far not been investigated in detail in human intestinal epithelial cells.
To investigate changes in intracellular phosphoinositide signaling and CD44 variant expression in malignant and differentiated colonic epithelial cells, we used HT-29 colon carcinoma cells, described to show phenomena of enterocytic differentiation after treatment with sodium butyrate (16) . Sodium butyrate, a short chain fatty acid is an inhibitor of histone deacetylase (HDAC) leading to hyperacetylation of histones with modulation of chromatin structure and intracellular transcriptional activity (17) . In vivo, sodium butyrate is generated by colonic fermentation of dietary fibre and starch (18) . The intestinal presence of sodium butyrate is considered to be chemopreventive against the development of colonic neoplasias, although recent clinical trials failed to support the protective effect of a fibre-rich diet in humans (18) (19) (20) (21) .
In the present study, we therefore investigated possible alterations of phosphoinositide metabolism, muscarinic M 3 receptor-stimulated phospholipase C activity, total PKC activity, PKC subtype expression and CD44 variant expression in either untreated HT-29 cells or after incubation with sodium butyrate. Finally, we discuss the possible implications of described oncogene mutations or defective suppressor gene expression regarding the responsiveness of transformed intestinal epithelial cells to butyrate. Cell culture. Cells were obtained from the American Type Culture Collection (ATCC, Rockville, MD), subcultured with 0.05% trypsin/1 mM EDTA in DMEM, containing 6% FCS, 1 mM pyruvic acid, 2 mM glutamine, 100 U/ml penicillin, 50 U/ml streptomycin and 200 IU/ml nystatin in 75-cm 2 disposable tissue culture flasks in a humified atmosphere of 5% C0 2 /95% air. For the experiments, cells were seeded at a density of 2x10 5 cells in 24-well flat bottom tissue culture plates (Falcon, Heidelberg, Germany) and grown until subconfluency (0.7-1.0x10 6 cells/well). For analysis of cell growth, viable cells were counted using the trypan blue exclusion method.
Materials and methods

Drugs
Analysis of carcinoembryonic antigen release. Levels of carcinoembryonic antigen were reported to increase in HT-29 cells during butyrate-induced enterocytic differentiation. Therefore, the amount of carcinoembryonic antigen released into the culture medium was determined in untreated and butyrate-treated cells using an automated ELISA, as described by Lamerz (22) .
Analysis of phospholipid turnover. For the investigation of phospholipid turnover, cells were cultured in phosphate-free HBSS (containing 1 mM pyruvic acid, 2 mM glutamin, HEPES 20 mM, NaHCO 3 3.7 g/l) for 60 min prior to the experiment and then incubated in HBSS (PO 4 -free) with [ 32 P]-orthophosphate (10 μCi/ml) and indicated substances at 36.5˚C for up to 60 min in a shaking water bath. Incubations were terminated by aspirating the incubation medium. Cells were then washed twice with cold HBSS, and cold methanol was added. Cells were scraped off in plastic tubes, and phospholipids were extracted according to the method of Bligh and Dyer, as described previously (23) . Separation of lipids was performed by thin-layer chromatography after pretreatment of silica gel plates (Merck DC 60) with 50% ethanol, 1% potassiumoxalat and 2 mM EDTA. Phospholipids were stained with iodine vapour, exposed to autoradiography film (Amersham Hyperfilm) for 48-76 h at -80˚C and identified by co-migration with commercial phospholipid standards. (23) , and radioactivity was measured in the first 4 ml of each eluate by liquid scintillation spectrophotometry (Beckmann LS 7000).
Determination of inositolphosphates.
Assay for PKC activity. Calcium-dependent classical PKC activity in cytosol and membrane preparations was assayed by the incorporation of 32 P into histone III-S (9). Cytosolic PKC activity was separated by centrifugation and then applied to DEAE-Sephacel (DE 52, Whatman, 100 μl packed volume) in Eppendorf tubes after equilibration of DEAE-cellulose with 20 mM Tris-HCl, 1 mM EDTA and 0.1% mercaptoethanol. The membrane pellet was homogenized with Nonidet P-40 (1%) in buffer A at 4˚C, sonicated, centrifuged at 12,000 x g and applied to tubes with DEAE-cellulose. Protein kinase C activity was assayed by the addition of 10 μl DEAE-eluate to a final volume of 40 μl (containing 1.25 mg/ ml histone III-S, 12.5 mM MgCl 2 , 20 mM Tris-HCl, 0.1 mM CaCl 2 , pH 7.5) and 65 μM [Á-
32 P]ATP (200-400 cpm/pmol), and samples were incubated for 5 min at 30˚C. The assays were terminated by spotting 30 μl of the reaction mix on Whatman P-81 phosphocellulose paper, and the filters were immediately soaked in ice-cold trichloroacetic acid (20%). Unbound radioactivity was reduced by extensive washes in perchloric acid, H 2 O and acetone. PS/DAG/Ca 2+ -dependent histone III-S phosphorylation was performed in the presence of 10 μg/ml phosphatidylserine (PS), 1.0 μg/ml sn-1,2-diacylglcerol (DAG) and 0.1 mM calcium. The amount of 32 Pincorporation into histone in the absence of PS/DAG/Ca 2+ and in the presence of eluted enzyme and EGTA (1.25 mM) was subtracted. PKC activity was expressed as the percentage of total PKC activity found either in the cytosolic or membrane-associated fraction.
Analysis of PKC subtype expression. Analysis of protein kinase C subtype expression was performed as previously described by Assert et al (24) . Briefly, PKC· fragments were generated by reverse transcription with MMLV reverse transcriptase (Gibco, Eggenstein, Germany) of 1 μg RNA of HT-29 cells. For in vitro transcription, plasmids containing isotype-specific probes for PKC·, ‰ or G3PDH were linearized with BglI and XbaI, respectively. PKC subtype fragments were transcribed with T7 RNA polymerase (Boehringer, Mannheim, Germany) with a specific activity of 2000 Ci/mmol. For RNase protection analysis, 20 μg of total cellular RNA was hybridized with PKC subtype transcripts (300,000 cpm). After submerse denaturation for 10 min at 85˚C and cooling overnight to 54˚C, RNase digestion was performed with 1000 U/ ml RNase T1 (Boehringer). RNase digestion was terminated with proteinase K and phenol chloroform extraction. After phenol precipitation, washing and denaturing probes were run on a 6% denaturing polyacrylamide gel, and autoradiography was performed for 1-2 days using MP-hyperfilm (Amersham, Buchler). For quantification of PKC subtypes, mRNA autoradiograms were scanned by laser densitometry relative to G3PDH (glycerol-3-phosphate dehydrogenase) expression.
Analysis of CD44 variant expression. RNA from HT-29 colon cancer cells was purified by guanidium-thiocyanate-phenol extraction followed by isopropanol precipitation. Cells were lysed directly with RNAzol B reagent (Tel-Test), and cellular protein and DNA were extracted with 1/10 vol chloroform and centrifugation at 10.000 x g. RNA was precipitated with 1 vol 2-propanol and centrifuged at 10.000 x g. RNA pellets were washed once in 70% ethanol, air dried and resuspended in an appropriate volume of H 2 O at 65˚C. Total cellular RNA was used as template for the synthesis of first-strand cDNA with random-primed oligonucleotide hexamers. The cDNA products were then used as templates for PCR. Amplifications were carried out with an initial cycle (2 min at 94˚C, 1 min at 55˚C and 2 min at 72˚C) followed by 30 cycles each of 45 sec at 94˚C, 1 min at 55˚C and 1 min at 72˚C using a Biometra Uno Thermocycler (Biometra, Göttingen, Germany). The oligonucleotide primer pair C2A and C13 hybridizes to the constant region of CD44 flanking the alternatively spliced exons. Primers specific to eight of the alternatively spliced exons (variant primers: pv3I, pv4, pv5, pv6, pv7, pv8, pv9, pv10; primers for flanking conserved regions C13, C2A) were used for amplification of CD44 variants, as described by Fichter et al (15) and van Weering et al (25) . PCR reactions were performed under mineral oil in a total volume of 50 μl. To check for RNA and cDNA quality, a portion of the constitutively expressed housekeeping gene GAPDH (glyceraldehyde-phosphate dehydrogenase) was amplified along with the probes. PCR products were separated on 1.4% agarose gels, stained with ethidium bromide and photographed with a video camera (Cybertech). Data analysis. Data are reported as the means ± SE from indicated numbers of experiments each performed in duplicate or triplicate. Statistical analysis was performed by the Student's t-test for paired and by the Mann-Whitney U-test for unpaired samples.
Results
Effects of butyrate on cell morphology, differentiated functions and proliferation in HT-29 cells. Treatment of HT-29 human
colon carcinoma cells with sodium butyrate caused a dosedependent inhibition of cell proliferation with an IC 50 of 2.5 mM after 6 days of incubation ( Fig. 1 ). Inhibition of proliferation by butyrate was associated with morphologic signs of an enterocytic differentiation in this cell line ( Fig. 2A and B). Treatment of HT-29 cells with sodium butyrate (2 mM) showed several typical mucin-filled vacuoles with an increase in apoptotic tumor cells floating in the culture medium, a 5-to 7-fold increase in alkaline phosphatase activity (data not shown) and an increased release in carcinoembryonic antigen into the culture medium ( .0-and 9.5-fold with a significant inhibition of stimulated phospholipase C activity after incubation with increasing concentrations of sodium butyrate (0, 1, 2 and 4 mM) for 6 days (Fig. 4) . For analysis of stimulated inositolphosphate release, results were corrected for different cell numbers and the amount of incorporated radioactivity in separated phosphoinositides following butyrate treatment. Quantitative analysis of separated phospholipids indicated no difference in the phospholipid levels of untreated or butyratetreated HT-29 cells (data not shown). Alterations of PKC activity or differential expression of various PKC subtypes were found to be involved in regulation of intestinal cell growth and malignant transformation. To investigate a possible involement of PKC subtypes during enterocytic differentiation, we analyzed the activity of protein kinase C after sodium butyrate treatment in HT-29 cells. Protein kinase C activity was determined as total activity or cytosolic or membrane-bound activity by histone-III-S phosphorylation in the presence of phosphatidylserin, diacylglycerol and calcium. As shown in Table I , membraneassociated cPKC activity was not altered in unstimulated HT-29 Table I . Basal, carbachol-and phorbol ester-stimulated protein kinase C activity in HT-29 cells without and after treatment with sodium butyrate (2 mM) for 6 days. - - 
Regulation of CD44 variant expression by protein kinase C.
In HT-29 cells, stimulation of protein kinase C by activating phorbol esters (TPA) or growth factors (IGF-I, PDGF) showed a marked increase in CD44s, v5-C and v6-C variant expression (Fig. 6 ). Phorbol ester-stimulated protein expression of CD44v6 variants were completely abolished after additional incubation with the PKC inhibitor GF 109203X, as analyzed by flow cytometry (data not shown), indicating that CD44 variant expression in HT-29 cells is regulated at least in part by classical or novel protein kinase C subtypes.
Reduced expression of distinct CD44 variants in butyratetreated HT-29 cells.
Since CD44 variant expression was reported to be associated with malignant transformation, tumor cell migration and invasion, we analyzed CD44 variant expression in butyrate-treated HT-29 cells. Incubation of HT-29 cells with sodium butyrate (2 mM for 6 days) showed specific alterations of CD44 variant expression probably related to the malignant phenotype of this colon cancer cell line. A description of the various CD44 variant compositions detected in HT-29 colon carcinoma cells is shown in Table II . In butyrate-treated HT-29 cells C13/C2A PCR products showed a shift from strong expression of the CD44 epithelial form (710 bp, C-v8-v9-v10) and a distinctly expressed 320-bp -
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band (C-C, standard form) in untreated cells to an equal and stronger expression of the 320-bp standard form in butyratetreated cells (Fig. 7) . RT-PCR analysis of CD44 variant using specific CD44 variant primers showed a tumor-specific CD44 variant expression in untreated HT-29 cells with a specific expression of the CD44v3,v8-10 corresponding to a strong amplification of a 680-bp v3 PCR product. In butyratetreated HT-29 cells, expression of this pv3I/C2A PCR product (680 bp, v3,v8-10 variant) was almost completely reduced. Expression of high-molecular splice variants of the pv5/C2A (940 bp, v5-10) and pv8/C2A (535 bp, v8-v10-C) PCR products was reduced with a shift to a more pronounced expression of smaller CD44 variant molecules pv5/C2A (650 bp, v5-v8) and pv8/C2A (330 bp, v8-v9-C) in butyratetreated cells. Remarkably, CD44v6 variant expression corresponding to a dominant PCR product of 820 bp (v6-v10) and two weakly detectable transcripts (610 bp, v6-v9-C and 520 bp, v6-v8) were not changed following butyrate-induced differentiation in HT-29 cells. These findings suggest a tumorspecific expression pattern of CD44 variants in colon carcinoma cells being important candidates for targeted diagnostic and therapeutic strategies.
Discussion
Changes in second messenger signaling have been implicated with malignant transformation and regulation of growth and tumor progression in various cancer cells, including colorectal cancer. Adhesion molecules play an important role mediating interactions between the tumor cell and the peritumoral microenvironment. The transmembrane glycoprotein CD44 and its splice variants have been implicated in cell adhesion, proliferation, migration, tumor cell invasion and metastatic disease (12) . The regulation of CD44 variant expression seems to involve specific splicing factors, RAS/MAPK signaling and intracellular kinases including protein kinase C and c-Jun N-terminal kinase (JNK) (26, 27) . We previously showed that the expression of CD44 variant isoforms is regulated by phosphoinositide 3-kinase and protein kinase C in SK-N-SH human neuroblastoma cells (15) . In intestinal epithelial cells, sodium butyrate, a potent HDAC inhibitor, was shown to be involved in the regulation of proliferation and differentiation potently preventing malignant cell transformation. Butyrate was reported to mediate its effects on intestinal epithelial cell control by an interaction with nuclear protein expression, intracellular kinase activities and cell cycle regulators (28) . However, possible effects of butyrate treatment on intracellular phosphoinositide signaling in association with a detailed analysis of CD44 variant expression has not yet been investigated in human colon carcinoma cells. Therefore, the aim of this study was to investigate possible changes in intracellular phosphoinositide signaling, basal or stimulated phospholipase C or protein kinase C activity and CD44 variant expression in HT-29 human colon carcinoma cells in association with butyrate-induced enterocytic differentiation. Our data indicate that butyrate-induced differentiation of HT-29 cells is associated with a secondary decrease in phosphoinositide synthesis and reduced ligand/ receptor-activated phospholipase C activity, an increased protein kinase C translocation induced by cholinergic ligand/ M 3 receptor activation and specific repression of presumably tumor cell-related CD44 variants. Inhibition of proliferation and reduced CD44 variant expression following butyrate treatment was not associated with changes in total PKC activity or PKC· or PKC‰ subtype expression in HT-29 cells. Based on these findings, differentiation and growth regulation of HT-29 cells seems to be independent of classical and novel PKC activity. Butyrate seems to restore downregulated PKC responsiveness following receptor stimulation and to inhibit CD44 variant expression supposed to be involved in intestinal tumor cell proliferation, migration and invasion.
These effects seem to occur as a secondary event following induction of enterocytic differentiation because butyrate did not directly inhibit phosphokinase activity or phospholipase C-induced hydrolysis of prelabeled polyphosphoinositides. In addition, we observed, in butyrate-treated HT-29 cells, an early and dose-dependent inhibition of DNA and protein synthesis. Germann et al showed, in CC531 rat colon carcinoma cells treated with butyrate, an inhibition of cyclin D1, cyclin E and Fos-like antigen 1 (Fosl1), c-myc and follistatin, indicating a potent inhibition of downstream signaling induced via activation of the wnt/ß-catenin pathway (29) . Similar to our conclusion, butyrate had no effect on mRNA levels of phosphoinositide kinase expression. In human intestinal cells, butyrate was additionally associated with an inactivation of ERK kinase activity during differentiation (30) , and inhibition of proliferation of human colon cancer cell lines by butyrate resulted in an inhibition of ERK 1/2 activity (31), demonstrating that mitogen-activated protein kinases (MAPKs) play a pivotal role in intestinal growth and differentiation. In three other human colon carcinoma cell lines butyrate was shown to potently inhibit proliferation and activities of c-Src and focal adhesion kinase associated with reduced in vitro invasiveness (32) .
Receptors activating phosphoinositide signaling via GTPbinding protein coupled to phospholipase C are known to stimulate proliferation and various physiologic cellular functions. Colonic epithelial cells are physiologically exposed to activators of cholinergic receptors and protein kinase C, such as secondary bile acids, reported to activate muscarinic receptors and transactivate epidermal growth factor signaling (33, 34) . We first described muscarinic M 3 receptors on HT-29 human colon carcinoma cells coupled to phosphoinositide breakdown and second messenger signaling, and others have shown the role of M 3 receptors mediating proliferative responses induced by bile acids (35, 36) . The observed increase in receptor-activated PKC translocation following butyrate treatment of HT-29 cells might indicate that butyrate is able to restore negative feedback control of presumably downregulated PKC activity thereby controling receptor activated phosphoinositide signaling by inhibition of receptor/G-protein interactions. This described upregulation of M 3 receptoractivated calcium-dependent protein kinase C might be explained by earlier reports describing an upregulation of ganglioside GM3 synthesis following butyrate treatment in colon cancer cells, representing an important cofactor for PKC translocation. Specifically, GM3 ganglioside is involved in the regulation of EGF receptor signaling requiring protein kinase C · translocation with the formation of a specific regulatory complex involving ganglioside GM3, tetraspanin CD82 and caveolin-1 mediating suppression of EGFR signaling by PKC·-mediated EGFR Thr 654 phosphorylation (37) . Therefore, upregulation of receptor-stimulated calciumdependent cPKC activity, most likely involving PKC·, might have effects on regulation of autocrine growth of HT-29 colon carcinoma cells, known to possess EGF receptors, secrete EGFR ligands and respond to M 3 receptor-induced transactivation of EGF receptor signaling.
Interaction of butyrate with intracellular protein kinase C activity and the various described PKC subtypes might be another explanation for the observed effects of butyrate on intracellular signaling. We and others have previously reported altered PKC activities in colonic malignancies, although the precise role of PKC and its subtypes has not yet been elucidated (9) (10) (11) . Protein kinase C was originally described as a phospholipid and calcium-dependent protein kinase involved in various cellular functions including regulation of growth and malignant transformation in various cancer cells. The subsequent identification and classification into three groups of, to date, eleven PKC subtypes is based on structural and activational characteristics. The classical or conventional cPKCs (PKC·, PKCßI, PKCßII, PKCÁ) are activated by phosphatidylserine, diacylglycerol and calcium, novel PKCs (PKCÛ, PKC‰, PKCε, PKCË, PKCθ) are calcium independent and activated by DAG and PS and atypical aPKC's (PKC˙PKCÏ) are calcium independent and do not require DAG, while PS can regulate their activity (38, 39) . In addition, involvement of protein kinase C ‰ subtype following butyrate treatment was shown in AA/C1 human adenoma cells causing a dose-dependent stimulation of caspase-3 activity, protein kinase C ‰ expression and inhibition of p38 MEK signaling leading to apoptotic cell death (40) . However, the role of protein kinase C activity and the contribution of its various subtypes to malignant transformation, growth regulation and tumor progression is not yet completely understood.
Activation of PKC was reported to induce differentiation in various cell types (41, 42) . Overexpression of PKCßII in colonic epithelium seems to results in hyperproliferation and an increased susceptibility to carcinogenesis with an early increase in carcinogenesis, whereas PKC was downregulated in colonic tumors (43, 44) . Data from Orchel et al (45) have shown that differentiation of Caco-2 cells by butyrate treatment is dependent on PKC and c-Jun N-terminal kinase (JNK) activity. In LIM1215 and CaCo-2 colon carcinoma cells, butyrate reduced total protein kinase C (PKC) activity and specifically reduced the expression of PKC· and PKCε subtypes, an effect that was reproduced by incubations with a specific inhibitor of histone deacetylase (46) . In our experiments with HT-29 cells, long-term stimulation or inhibition of PKC did not affect proliferation (data not shown), and in butyrate-treated cells, mRNA expression of PKC· and ‰ subtypes was not different following 6 days of incubation. Also, total PKC activity was unchanged after butyrateinduced differentiation in HT-29 cells, although carbacholstimulated translocation was dose-dependently increased after butyrate treatment. The lack of long-term effects of butyrate on PKC‰ mRNA expression in HT-29 cells is of interest, because others have shown potent upregulation of PKC‰ expression following butyrate treatment within 2 h of treatment, although long-term effects of butyrate on PKC‰ subtype expression have not been investigated (40, 47) . Therefore, we cannot exclude butyrate-induced effects downstream of early PKC‰ expression. Previously, we described, in T84 human intestinal cells, a potent upregulation of PKC‰ following prolonged phorbol ester treatment paralleled by a decrease in PKC· expression in association with potent inhibition of cell proliferation (24) . Based on these reports and our findings, we conclude that PKC subtypes seem to differentially regulate cell proliferation and differentiation in intestinal epithelial cells and that prolonged PKC upregulation of classical or novel PKC subtypes do not seem to be involved in butyrate-induced growth inhibition and differentiation in HT-29 cells.
CD44 is a transmembrane glycoprotein involved in the interaction between cells and the extracellular matrix with implications for cell migration, malignant transformation and the metastatic potential of tumor cells. Butyrate treatment was shown to reduce CD44 variant expression and especially CD44v6 variant expression in HM7 cells (16) . Notably, in our study, butyrate treatment did not markedly change the CD44v6 composition in HT-29 cells, indicating that the responsiveness of CD44 variant expression might be differentially regulated in different colon carcinoma cells. These findings support conflicting data reported so far investigating the possible prognostic impact of CD44v6 protein expression as determined by immunohistochemistry in patients with colorectal cancer (48, 49) . Also in our patients with colorectal cancer analyzed for CD44v6 variant immunoreactivity we did not find a prognostic relevance of CD44v6 immunoreactivity. However, Peng et al recently showed a prognostic impact of CD44v6 immunoreactivity in a subgroup of rectal cancer patients following tumor resection and total mesorectal excision (50) .
In our study, RT-PCR analysis of CD44 variants in untreated HT-29 cells using CD44 variant-specific primers showed a cell type-related CD44 variant expression with a distinct expression of CD44v3,v8-10, CD44v5-10 and CD44v8-10 transcripts. In contrast, in butyrate-treated HT-29 cells, the expression of the CD44v3,v8-10 variant was almost completely reduced and a shift to a more pronounced expression of smaller CD44 v5 and v8 variants was observed. We additionally investigated samples of human colonic adenomas and carcinomas in comparison to normal adjacent mucosa and found a similar expression and upregulation of specific neoplasia-associated CD44 variant compositions (unpublished data). In HM7 human colon carcinoma cells, butyrate caused a general inhibition of CD44 variant expression especially of the epithelial form (v8-v10) and the CD44v6 variant (16) . However, in contrast to these and our results, in CC531 rat colon carcinoma cells, butyrate did not affect the expression of CD44 transcripts, while aspirin transiently reduced CD44 expression after 2 h of incubation (40) . Therefore, these findings indicate a differential and probable tumor cell-related regulation of CD44 variant expression following butyrate treatment in different colon carcinoma cells.
The described inhibitory effects of butyrate on CD44 variant expression can be explained by earlier studies demonstrating a cis-regulatory epidermal growth factor (EGF) regulatory element (ERE) involved in the regulation of EGFinduced CD44 gene transcription in human neuroblastoma cells (51, 52) . In HM7 colon cancer cells, Barshishat et al (16) showed that butyrate downregulates CD44v6 variant transcription by binding of yet unknown nuclear proteins to the described ERE motif present in the CD44 promoter region. These findings strongly suggest a direct nuclear regulatory mechanism mediating butyrate-induced alterations of CD44 variant expression with phenotypic reduction of the tumor metastatic potential of these colon carcinoma cells.
In addition to the reported involvement of CD44 variants in colorectal carcinogenesis and cancer prognosis, other reports have indicated another important role of CD44 variants for prediction of antitumor response and as a target for new anticancer therapies. According to data from Bates et al (53) , CD44 variant expression seems to be involved in the induction of chemoresistance via activation of Lyn kinase and phosphoinositide 4-kinase/Akt pathways. New therapeutic strategies targeting CD44 variant expression using CD44 antisense cDNA or transfection and intratumoral application of constructs producing silencing (si)RNA against the transmembrane region of CD44 exons were reported to show reduced tumor growth and tumor volume in colon carcinoma xenograft model systems (54, 55) .
However, development of colon cancer is still one of the major causes of cancer-related death in humans, even in the presence of the multiple anticarcinogenic and pro-apoptotic effects of relevant intraluminal concentrations of butyrate. Therefore, other tumor biologic mechanisms will finally determine the progression of an early transformed intestinal cell to either undergo differentiation, apoptosis or to progress to invasive and metastatic cancer. Human HT-29 human colorectal adenocarcinoma cells host truncating mutations in APC (adenomatous polyposis coli) alleles, wild-type ras, active mutant B-raf, wild-type raf-1 and mutant p53 (56) . Acetylation of the C-terminal domain of wild-type p53 seems to be required for induction of p53-dependent apoptosis induced by butyrate, and tumor cells harboring mutated p53 might therefore be unresponsive to this pathway. Tumor cells with mutated p53 show reduced responsiveness to butyratemediated upregulation of PKC‰ and p21waf1/p53-induced apoptosis in HCT116 cells overexpressing PKC‰ (57) . These results have shown, that p21 waf1/cip1 and p53wt are downstream effectors of protein kinase C ‰ required for butyratemediated induction of apoptosis and tumor suppression. Therefore, induction of p53-dependent apoptosis by butyrate requires activation of PKC‰, p53 wild-type and p21 expression. As shown in our study, butyrate did not induce overexpression of PKC‰ in HT-29 cells, and others have shown that overexpression of PKC‰ in HT-29 cells was ineffective for induction of apoptosis in p53 mutant HT-29 cells (58) . However, even tumor cells with wild-type p53 can be unresponsive to DNA damage due to reduced expression of downstream p53-related target molecules such as p53AIP1, protein kinase C ‰, STAT1 and p21 waf1/cip1 (59) . In addition, other p53-independent pathways have been described following mediating butyrate effects supporting the role of an intact mitochondrial membrane potential being involved in initiation and maintenance of butyrate-mediated p53-independent p21 waf1/cip1 induction of G 0 /G 1 growth arrest and apoptosis (60) .
HT-29 colon carcinoma cells additionally contain mutated B-Raf, a serine/threonine kinase observed in colorectal carcinomas. B-Raf activating mutations and hypermethylation of SLC5A8, were shown to be important events for the development of sessile serrated adenomas. Importantly, intracellular butyrate might contribute to the genesis of serrated neoplasias of the colon by histone hyperacetylation and transcriptional activation of specific genes in addition to decreased p21 WAF1/CIP1 expression and activation of the MAPK pathway (61, 62) .
Finally, HCT116 colon cancer cells, which harbor an activating k-ras mutation, respond to butyrate with increased apoptosis, in comparison to the same cell type in which the mutant k-ras allele was deleted. (63) . Based on these results, activation of ras during transformation of colonic epithelial cell with subsequent downregulation of STAT1 and reduced p21 transcription is able to sensitize cells to apoptosis by HDAC inhibitors. Recently, Choudhary and Wang (64) confirmed the reactivity of oncogenic H-ras mutations for histone deacetylase inhibitors to induce apoptosis in H-ras (V12)-transformed HT-29 cells, indicating that oncogenic ras mutations possess a novel pro-apoptotic ability in addition to the known tumorigenic potential. In addition, a positive feedback loop was described in which non-mutant ras signaling promotes CD44v6 splicing, and CD44v6 then sustains late ras signaling in HeLa cells (65) . Therefore, these reported data indicate that a critical accumulation of mutations, loss of suppressor functions or sustained cell activation will finally define the unresponsiveness of transformed intestinal cells to the potent antiproliferative and differentiating effects of butyrate.
In summary, we describe butyrate-associated alterations in intracellular phosphoinositide signaling, protein kinase C activity and CD44 variant compositions in HT-29 cells used as a model for enterocytic differentiation of human intestinal cells. The observed tumor cell-related expression pattern of CD44 variants with marked repression of distinct CD44 variants following butyrate treatment may suggest novel concepts for tumor-specific diagnostic assays or therapeutic strategies targeting these CD44 variants. However, the critical accumulation of oncogenic mutations or defects in suppressor functions will enable selected transformed intestinal cells to escape from differentiating and pro-apoptotic effects mediated by intraluminal concentrations of butyrate.
